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Abstract: Aging is one of the hottest topics in biomedical research. Advances in research and
medicine have helped to preserve human health, leading to an extension of life expectancy. However,
the extension of life is an irreversible process that is accompanied by the development of aging-related
conditions such as weakness, slower metabolism, and stiffness of vessels. It also debated that
aging can be considered an actual disease with aging-derived comorbidities, including cancer or
cardiovascular disease. Currently, cardiovascular disorders, including atherosclerosis, are considered
as premature aging and represent the first causes of death in developed countries, accounting for 31%
of annual deaths globally. Emerging evidence has identified hypoxia-inducible factor-1α as a critical
transcription factor with an essential role in aging-related pathology, in particular, regulating cellular
senescence associated with cardiovascular aging. In this review, we will focus on the regulation
of senescence mediated by hypoxia-inducible factor-1α in age-related pathologies, with particular
emphasis on the crosstalk between endothelial and vascular cells in age-associated atherosclerotic
lesions. More specifically, we will focus on the characteristics and mechanisms by which cells within
the vascular wall, including endothelial and vascular cells, achieve a senescent phenotype.
Keywords: hypoxia-inducible factor-1α (HIF1α); vascular aging; senescent cells; endothelial cells;
vascular smooth muscle cells; atherosclerosis; extracellular vesicles
1. Aging, Vascular Senescence, and Cardiovascular Diseases
Aging is an irreversible process that arises due to the accumulation of harmful or deleterious
changes that occur in cells and tissues over time and affects the physiological functions necessary
for survival and homeostasis [1,2]. Colloquially, aging is defined as the process of becoming older.
Presently, in the 21st century, there is still a debate as to whether we should consider aging a disease
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per se, or a natural, ineluctable “healthy” process. It is becoming more evident that aging, as a decline in
the optimal functions of cells and organs, may in fact be considered a disease per se, which establishes
a preconditioned state for some aging-associated diseases, including cancer, retinal pathologies,
osteoporosis, osteoarthritis, chronic kidney disease (CKD), hypertension (HTA), diabetes mellitus type 2
(DMII), and cardiovascular diseases (CVD), especially atherosclerosis [3]. Indeed, the development
of atherosclerosis is defined as a premature aging disorder and is the leading cause of death among
people over 65 years of age. One aspect that actively contributes to the development of atherosclerosis
and other CVD, is vascular aging, which has become an active field of research in the last decade [4].
In vascular aging, the arterial vascular wall is affected by an increase in both senescent endothelial
cells (ECs) as well as vascular smooth muscle cells (VSMCs) [5]. The exact mechanism that mediates
ECs to become senescent in the vascular wall is still not fully understood; however, much evidence has
revealed a crucial role for hypoxia-inducible factor-1α (HIF-1α) in the development of the senescent
phenotype and the progression of atherosclerosis [6–10].
Cellular aging or cellular senescence is a process that occurs naturally in our cells when we age,
due to persistent exposure to cellular stressors [11]. Senescent cells are characterized by a permanent
state of cell cycle arrest accompanied by a secretory phenotype and resistance to cell death [11]. When a
senescent phenotype becomes dysfunctional, the ability to maintain homeostasis between living
and dead cells is lost. Senescent cells appear naturally during aging, also known as healthy aging,
and during aging linked to age-related diseases as a result of pathological stress. While senescent
cells appear during embryogenesis and in healthy young organs during tissue remodeling and repair,
the accumulation of senescent cells in tissues, including the vasculature, is a hallmark of aging [12].
Moreover, these cells lose their proliferative capacity and acquire a new phenotype. In fact,
senescent cells (that also cease to proliferate and undergo other functional changes in association with
aging) are characterized by oxidant and inflammatory phenotypes. The senescent phenotype confers
cells a flattened and enlarged appearance, with a persistent non-dividing state that is metabolically
active and characterized by significant reorganization of protein expression and secretory programs,
which ultimately result in the senescence-associated secretory phenotype (SASP) [13]. SASP occurs
regardless of the stimulus that initiates senescence, such as a replicative senescence model in vitro,
aging in vivo, and even when senescent cells appear as a consequence of stressful stimuli, known
as stress-induced premature senescence (SIPS) [14]. SIPS is considered a reversible phenomenon [7].
In any case, the secretory phenotype includes the secretion of cytokines, growth factors, proteases,
and extracellular vesicles (EVs), which exert a paracrine function affecting neighboring cells and
propagate the senescent phenotype [15]. Notably, depending on the context, many of these secreted
factors also support chronic inflammation and cellular transformation.
In mammals, aging is associated with the accumulation of senescent cells [8]. In the case of
age-related chronic diseases, senescent cells are also accumulated, and some studies have demonstrated
that the accumulation of senescent cells has a causative role in the pathology of these age-related
disorders [16]. Senescent cells are characterized by the loss of their physiological resilience. In other
words, through aging and pathogenic signals in chronic diseases and conditions, cells are exposed to a
new microenvironment and become senescent due to their inability to adapt [17]. Cellular senescence
clearly drives various pathological changes associated with aging [8]. Indeed, delaying senescent
cell accumulation could have a protective role in the development of chronic diseases. This new
concept, based on the studies of molecular mechanisms in the evolution of cellular senescence to
avoid age-associated diseases, offers a new approach to secure the survival of senescent cells [1].
For this purpose, senotherapy (or senolysis) has been coined for therapies where senolytic drugs,
which are intended to eliminate senescent cells by apoptosis [1,7,8,17,18], have shown beneficial effects
in experimental models and human clinical trials [19–23]. Senolytic drugs may be useful as inhibitors
of the progression of aging per se or disorders associated with premature aging, such as CVD [18,24,25].
Vascular aging causes several associated diseases as a consequence of advanced age; in fact,
aging could be considered a critical risk factor for vascular damage. For instance, arterial stiffness
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is associated with changes in blood pressure [26]. Endothelial dysfunction induces high peripheral
vascular resistance until about age 50 [27]. This phenomenon causes high systolic blood pressure
that increases arterial stiffness, thereby initiating a vicious cycle. Moreover, in older normotensive
people, aging produces higher arterial stiffness, systolic blood pressure, and pulse pressure [26,27].
These observations may be related to the increased accumulation of senescent cells in the vascular wall
in aging or age-related CVD [18]. Indeed, vascular cellular senescence contributes to the pathogenesis
of human arterial aging [28], and endothelial cell senescence has been reported to develop in heart
failure and promote pathologic changes in a failing heart [8].
The current characterization of senescent cells includes the evaluation of molecular senescence
markers, such as p53, p21, p16, and γ-H2AX, as well as telomere attrition, which are enhanced
signals for senescence-associated beta-galactosidase (SA-β-gal). These markers are indirect indicators
because the activation of these pathways is simply one piece of evidence that cells are senescent [11].
Interestingly, once the p16 pathway is activated, senescence arrest cannot be reversed by the inactivation
of p53 or the silencing of p16 [16]. A senescent cell uses a different process to achieve a senescent
phenotype; therefore, this type of cell must be defined through various combinations of markers [18].
The structural and biological changes in the vascular walls that are linked to a specific mechanism
in age-related changes of the vasculature are not yet well defined, mainly because they lack specific
biomarkers for aging, which makes the study of vascular aging challenging. Along these lines,
emerging evidence has described a new mechanism in senescence progression, where HIF-1α and the
microRNA (miRNA) miR-126 play a critical role in senescent ECs, proposing HIF-1α and miR-126
as new markers for endothelial senescence progression [29]. Moreover, miR-126 are implied in other
physio-pathological processes: (1) both miR-126 strands are involved as an anti-inflammatory target in
controlling leukocyte interaction with human brain endothelium under shear stress conditions [30];
(2) neuronally expressed miR-126-5p regulates angiogenesis by protecting endothelial cells of the
developing retinal vasculature from apoptosis [31]; (3) miR-126 is essential for endothelial phenotype
expression, promoting endothelial differentiation in autograft adipose-derived stem cells [32] and
highlighting that miR-126 from endothelial cells and exosomes from these cells present neurorestorative
effects in DMII mice [33]; and, finally, miR-126 presents a protective effect during hypoxia/reoxygenation
in endothelial cells mediated by the PI3K/Akt/endothelial nitric oxide synthase (eNOS) signaling
pathway [34].
2. Hypoxia-Inducible Factors
Hypoxia-inducible factors (HIFs) are the product of a heterodimeric transcriptional factor
subdivided into three-member families of nuclear transcriptional factors (HIF1, HIF2, and HIF3),
each one including α and β (nuclear translocator) subunits. HIF is a constitutive factor that is
evolutionary conserved and plays a critical role in oxygen (O2) homeostasis from invertebrates up
to humans.
Moreover, HIF is involved in the physiological mechanisms that lead to homeostasis, such as
energy metabolism, cell growth, survival, invasion, migration, and angiogenesis [35]. O2 levels regulate
both HIF-1α and HIF-1β (or aryl hydrocarbon receptor nuclear translocator; ARNT) and associate
with DNA-binding transcription factor proteins. HIF-1α is a ubiquitous factor expressed in nucleated
cells, while HIF-2α and HIF-3α are cell type-specific factors that are mainly expressed in vascular
endothelial cells (ECs), renal cells, liver cells, and some cells from the myeloid lineage [36,37].
HIF-1α performs its critical function in the maintenance of vascular homeostasis [38] by
orchestrating angiogenesis and vascular wall repair [29,39–41]. In addition to its role in the formation
of blood vessels for O2 delivery, HIF also regulates erythropoietin (EPO) production in the kidneys that,
in turn, controls red blood cell production. Further, more than one hundred genes have been identified
to be governed by mammalian HIF during O2 deprivation [42,43]. The involvement of HIF-1α in
diseases of the vascular wall, including atherosclerosis, carotid stenosis, and aneurysms, has recently
been proposed [44–49]. Indeed, insufficient expression of HIF is associated with CVD [50,51]. Moreover,
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short-term HIF overexpression has beneficial effects on the heart, and long-term HIF stabilization is
associated with cardiomyopathy [52]. Recent emerging data reveal crosstalk between HIF-1α and
cellular senescence-associated cardiovascular aging (Table 1) [3,29,52–54].
Table 1. The role of hypoxia-inducible factors in cardiovascular aging.
HIF Levels
Observations
Reference
Pathology/Effect Tissue/Cell Type
↑
Ischemic cardiovascular disease
Ischemic limb
(ischemic calf muscle)
(young WT mice)
[54]
↓
Ischemic limb
ischemic calf muscle
(aging WT mice)
↓
Vascular remodeling
Femoral artery ligation in aging mice
[53]
↓ Femoral artery ligation in Hif1a+/− mice
↑ (short-term) Heart homeostasis
Heart [52]↑ (long-term) Cardiomyopathy
↓ Atherosclerosis(Premature aging disease)
Pathogenesis of plaques
(Promote angiogenesis, production of
factor pro-atherosclerosis and
recruitment of inflammatory cells)
[3]
↓ Replicative senescence in vitro Endothelial cells [29]
3. The Physio-Pathological Role of HIF in Aging
Since the discovery of HIF-1α, several seminal works have identified the changes in HIF associated
with age and the development of age-related disorders [55], including neurodegenerative diseases [56].
Importantly, in 2009, Mehta et al. described HIF-1 as a longevity factor, demonstrating that HIF-1
stabilization is associated with a 30–50% increase in lifespan [57]. Several studies have shown that
stabilization of HIF-1 increases longevity and healthspan through different pathways in Caenorhabditis
elegans [58,59]. These critical findings in worms yielded a new perspective on the study of HIF
stabilization and lifespan among mammals [60]. However, the stabilization of mammalian HIF-1α has
been implicated in tumor growth and cancer development and may therefore be harmful. Consequently,
a balance between the beneficial and detrimental effects of HIF is critical for homeostasis and depends
on the involved components and their contribution to longevity. Members of the p53 family counteract
HIF stability; as a consequence, the O2-independent regulation of HIF-1 impacts the tumorigenic
potential of cancer cells, thereby affecting angiogenesis, metabolism, and metastasis [61].
Studies on skin, a tissue that is continuously exposed to intrinsic and extrinsic aging factors,
have identified HIF-1α as a crucial determinant of skin homeostasis, especially in epidermal aging and
wound healing [62]. Results have reported that the loss of epidermal HIF-1α accelerates epidermal
aging and affects re-epithelialization in humans and mice [62]. Notably, significant elevations in both
hypoxia-inducible transcription factors HIF-1α and HIF-1β gene expression have also been found in
the gingival tissues of aged animals, even though these tissues were deemed clinically healthy [63].
In a model of limb ischemia in mice, HIF-1 was found to mediate angiogenesis and, therefore, has been
proposed to contribute to the pathological aging process [54].
Aging per se is a consequence of other diseases called age-related pathologies, because the risk
of organ failure and age-associated disease increases with the advance of age [1]. Atherosclerosis
is primarily featured by senescent cells in advanced human atherosclerotic plaques, and aging is
considered to be a dominant risk factor for disease development [64]. Indeed, some studies have
shown that markers of senescent cells are found in atherosclerotic plaques but not in non-atherogenic
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arteries [5,65]. Moreover, the arteries from older healthy adults and hypertensive patients have higher
expression of p21, a marker of senescence, as well as the SASP pro-inflammatory phenotype [66].
In the vascular wall, the SASP phenotype is responsible for the enrichment of the pro-inflammatory
milieu. Both interleukin (IL)-6 and IL-8, through a paracrine effect, cause negative feedback over
cellular growth and contribute to maintenance of the senescent phenotype [67]. Notably, in this case,
the molecular program of senescence is HIF-dependent [68]. Likewise, ECs sampled from healthy older
adults have higher expression of the senescence markers p21 and p16, both of which are correlated
with blunted endothelial function [69].
By contrast, older adults that perform regular exercise, which may be considered a vasoprotective
lifestyle factor, have normalized endothelial senescent markers and endothelial function [5]. Moreover,
some mediators, such as miRNAs, are described to have a critical role in (patho)physiological processes,
including atherosclerosis [70–72]. In particular, miR-126 exerts an atheroprotective effect [72,73] due to
its role in restoring endothelium homeostasis [74].
Concretely, miR-126 modulates stromal cell-derived factor-1 (SDF-1) and vascular cell adhesion
molecule-1 (VCAM-1) in ECs [75]. During endothelial dysfunction, miR-126 levels are decreased and as
a consequence, an augmented SDF-1 expression improves stroke outcome [75,76]. However, miR-126
modulates C-X-C chemokine receptor type 4 (CXCR4) protein levels during atherosclerosis. As a
result, SDF-1 is released and increase the recruitment of endothelial progenitor cells to the atheroma
plaque [77]. Nowadays, miR-126 has been described as a dual regulator of atherosclerosis [77].
On the one hand, miR-126 induced SDF-1, which promoted endothelial progenitor cells during
atheroma formation. As a consequence, VCAM-1 expression is inhibited and EC proliferation limited
atherosclerosis progression. In this way, atherosclerosis formation is impeded and miR-126 shows a
beneficial role in atherosclerosis [76,77]. On the other hand, few studies showed that miR-126 presents
adverse effects in atherosclerosis. Mir-126 affects the proliferation and apoptosis of VSMCs and also
these cells do not express miR-126 during atherosclerosis [78]. In contrast, Hao and Fan showed that
miR-126 is upregulated in atherosclerosis lesions in mice [79]. In conclusion, the presence of miR-126
in ECs has beneficial effects in atherosclerosis, whereas miR-126 in VSMCs exacerbated atherosclerosis.
Despite the complex relationship between HIF and aging, Kaluz et al. recently noted that
several age-associated maladies involve the disarray or activation of the hypoxia response mechanism,
mainly the HIF transcriptional factor [3]. In part, this phenomenon could be related to evidence
for the overactivation of hypoxia responses to a modestly slow aging life, associated with beneficial
stress responses in various animal studies. These findings support the idea of targeting HIF in
early age-related diseases to slow down aging and prevent the progression of aging-related diseases.
The authors concluded that an “HIF pill” could be preventive in the development of early age-related
disease, thereby slowing the progression of aging. Recently, Semenza [80] summarized the HIF
stabilizers registered in clinical trials for anemia, a common complication of CKD. We propose that
HIF stabilization with the treatment of these drugs could help prevent age-related disease.
We summarize the role of HIF under physiological and pathological conditions (age-associated
diseases included) in Figure 1.
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Figure 1. Schematic illustration of HIF’s role in homeostasis (physiological conditions) compared with
the pathological situation (age-associated diseases included).
4. HIF-1α and Vascular Aging
As mentioned above, HIF is not only a transcriptional factor that regulates tissue oxygenation
(including angiogenesis and vascular remodeling) but also controls redox balance, inflammation,
and glucose metabolism to eventually maintain cellular homeostasis [36,61].
According to current knowledge, the age-dependent impairment of HIF-1α induction leads
to diminished vascular responses to limb ischemia [54] and less effective wound healing [81].
Some evidence shows the functionally important expression of HIF-1α among ischemic limb mice.
It has been demonstrated that the abundance of the HIF-1α protein is decreased in ischemic tissues
from aged mice and has also been linked with the downregulation of genes encoding angiogenic
growth factors [61]. In this regard, Bosch-Mache et al. showed that reduced blood flow recovery
among aged mice resembles the response of heterozygous HIF-1α knockout mice to ischemia [54].
Interestingly, the exogenous administration of constitutively active forms of HIF-1 into the ischemic
limb was sufficient for overcoming the age-dependent impairment of ischemia-induced vascular
remodeling in aged mice [54]. Thus, the ability of HIF signaling to regulate the angiogenic process
may be one of the main factors in vascular aging. In this scenario, the HIF pill theory would provide a
preventive treatment for vascular aging.
Some aging-related vascular diseases present a rapid course of regular age-dependent arterial
changes called early vascular aging (EVA) [82]. Aging of the arterial wall vessels in humans can be
quantified by measuring the pulse wave velocity along the aorta—the largest elastic artery—which
represents a marker of arterial stiffness [82]. Superior techniques to evaluate EVA are the use of
noninvasive procedures to determine arterial stiffness indexes, including the carotid intima–media
thickness (IMT), central blood pressure, and endothelial damage parameters [82]. In this regard, EVA is
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also characterized by media vascular calcification (VC) in CKD. During chronic inflammation mediated
by uremic toxins, VSMCs are significantly affected, becoming dysfunctional and causing VC, which
may potentially be used as a biomarker for vascular age [16,83,84].
Aging is associated with transforming growth factor type β (TGF-β) inhibition via HIF-1 [85].
In addition to TGF-β signaling, there is crosstalk between the HIF pathway and well-known
stress-related sensors, including AMPK (AMP-activated protein kinase), sirtuins, and nuclear factor-κB
(NF-κB) [86]. Despite the role of sirtuins in the regulation of aging and longevity, nowadays, its role
is still controversial [87]. Satoh et al. [87] described that sirtuin-1 activity is critical in the systemic
regulation of tissue communication, aging, and longevity in mammals. Notably, overexpression
of sirtuin-1 due to the calorie restriction diet plays a role in the pathogenesis of age-associated
mitochondrial damage in aging kidney mice [88]. Recently, it has been demonstrated that sirtuin-1 and
HIF-1α are connected [89]. In this sense, sirtuin-1 induced deacetylation of HIF-1α in aged kidneys,
protecting tubulointerstitial damage [89]. Since 2012, it is well known that sirtuin-1 is necessary for
HIF-1α protein accumulation [90] and the current knowledge is that sirtuin-1 could activate several
transcriptional factors, such as HIF-1α, resulting in ameliorated mitochondria biogenesis and an
extended lifespan [91]. In the pathophysiology of vascular aging and atherosclerosis, sirtuin-1 plays
a protective role [92]. In endothelial dysfunction, the expression of sirtuin-1 is reduced promoting
the manifestation of senescence in endothelial cells [93–95]. Moreover, sirtuin-1 modulates eNOS
and NO production in vascular walls [92], playing a crucial role in maintaining vascular function
and homeostasis.
Another vital player of vascular aging, which is positively regulated by HIF-1, is vascular
endothelial growth factor (VEGF), a central mediator of angiogenesis. During aging, there is a defect
in HIF-1 activity, yielding VEGF expression reduction and leading to the impairment of angiogenesis
in response to the ischemia model [96]. Similarly, EPO is directly regulated by HIF, and lower
secretions of EPO have been observed among old animals [97] and elderly patients [98]. Furthermore,
the transcriptional program controlled by HIF-1 includes genes involved in many aspects of cellular
homeostasis, and HIF-1 abolishment by aging could generate defects in the physiological responses to
hypoxia [96]. Recently, we found that HIF-1α is involved in p53, p16, cyclin D1, and lamin B1-mediated
senescence in ECs [29]. Moreover, senescent ECs failed to express HIF-1α, and the microvesicles (MVs,
an EVs subtype) released by these cells were unable to carry HIF-1α [29]. In another study, HIF-1α
was found to play a critical regulatory role in vascular inflammation among macrophages after intimal
injury through limiting excessive vascular remodeling. The mechanism by which macrophage-derived
HIF-1α mediated this effect is still unknown [99]. Considering these findings, HIF-1α may represent a
possible therapeutic target in vascular diseases, especially in vascular aging.
5. HIF and Atherosclerosis
Although atherosclerosis has been considered chronic inflammation, intensive research in recent
years has shown that it can also be considered an age-related pathology [28,100]. Many pieces of
evidence have demonstrated the role of vascular senescence in atherogenesis [25,101]. We briefly
mentioned above that senolytic drugs (anti-senescence) have been proposed as a therapeutic option
for cellular aging and for treating human atherosclerosis [25,28]. However, although gerontologists
have affirmed that atherosclerosis is associated with the characteristic features of aging in humans,
cardiologists believe that aging is not a risk factor for atherosclerosis. This controversial subject
was re-evaluated by Minamino et al., who demonstrated that senescent vascular cells accumulate in
human atheroma and that vascular cells present features of dysfunction [102,103]. These and other
findings suggest that cellular senescence contributes to atherosclerosis, which is a characteristic of
aging in humans.
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As a model for premature aging disorder, atherosclerosis is the most common type of vascular aging
where the cell vessels are susceptible to damage. Adding to the complex scenario for atherosclerosis,
many studies suggest that ECs and VSMCs change and acquire features of senescent cells [104].
Moreover, during aging, blood vessels experience changes in compliance and release pro-inflammatory
factors that promote atherosclerosis. Aging is associated with chronic low-grade inflammation that
affects vascular and endothelial cells within the vascular wall during atherosclerosis. It is reasonable to
believe that low-grade systemic inflammation may facilitate the senescent phenotype of ECs, which
also contributes to the local inflammatory environment by SASP. These aging endothelium walls impair
angiogenesis and decrease coagulation activity [104]. In an aged endothelium, senescent ECs failed to
achieve HIF-1α stabilization and decreased miR-126 levels, which are both essential contributors to the
maintenance of endothelium homeostasis [29].
In the vasculature, HIF-1α regulates pressure changes due to the negative regulation of TGF-β
in ECs [85] (note that pressure overload leads to increased myocardial O2 consumption). In this
regard, the anoxemia theory is defined as a condition of abnormal oxygenation of the arterial blood.
This theory proposes that an imbalance between the demand for and supply of O2 in the arterial wall
is a critical factor in the development of atherosclerosis [105]. As a consequence, macrophages become
apoptotic, a necrotic core is built, and there is an eventual increase in angiogenesis, linking senescent
cells to atherosclerosis progression [7]. Therefore, the anoxemia theory is postulated to explain the
progress of atheroma plaque.
In 2007, the presence of HIF-1α was described in atheroma plaque [106]. HIF-1α is a regulator
of angiogenesis and inflammation in atherosclerotic plaque destabilization. Moreover, HIF-1α is
associated with an increase in VEGF levels during the inflammatory process in atheroma plaque.
Notably, activated macrophages in atherosclerosis have been observed to stabilize HIF-1α under
normoxic conditions [106]. HIF-1α stabilization occurs due to the local relative hypoxia resulting from
insufficient O2 diffusion in the thickened intima and increased O2 demand due to the local inflammatory
response. If the O2 supply is restored, HIF-1α is degraded, which reduces VEGF production and
subsequent angiogenic signaling [107]. Another study reported that HIF-1α increases as a consequence
of neovascularization in complicated human atherosclerosis among human carotids, as well as in
coronary plaques [105]. Mechanistically, the angiogenic effect of the alternatively spliced tissue factor
(asTF) activates HIF-1/VEGF signaling [41]. Indeed, activated macrophages localized in atheroma
plaques expressed HIF1-α and VEGF, confirming that both are critical to the regulation of human
plaque angiogenesis and lesion progression. Therefore, HIF-1α mediates inflammation by promoting
pro-inflammatory cytokine expression and, consequently, inflammatory cell recruitment [108,109].
In macrophages, HIF-1α regulates the expression of one of the major pro-inflammatory cytokines,
IL-1β [110]. Pro-inflammatory and pro-angiogenic activities are induced in endothelial cells exposed
to IL-1β stimulation [111]. Notably, anti-inflammatory IL-1β therapy led to a significantly lower rate
of recurrent cardiovascular events [112]. Another IL-1 family member, IL-1α, is mainly associated with
endothelial cell senescence and atherosclerosis [113]. Both IL-1α and IL-1β are minor components of
SASP; however, these two cytokines are essential for boosting IL-6 and IL-8, which are secreted in large
quantities by senescent endothelial cells [114,115] (Figure 2).
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Moreover, extensive crosstalk between HIF and two master regulators of the inflammatory
response, NF-κB and the signal transducer and activator of transcription 3 (STAT3), has been
reported [108,116,117]. Under hypoxic conditions, canonical NF-κB signaling activates HIF-1α
through the interactions between p50 and p65 subunits and responsive elements in the promoter of the
HIF-1α gene [118]. The crosstalk between HIF-1α and NF-κB signaling during senescence has been
investigated in several contexts, and its role in orchestrating SASP is widely accepted in atherosclerotic
plaques. However, the full mechanism of this crosstalk is not yet completely understood.
Strikingly, Minamino et al. [104] demonstrated the presence of senescent vascular cells in human
atherosclerotic lesions but not in non-atherosclerotic lesions. This study characterized some of the
features of senescent cells and described an increase in pro-inflammatory mediators, including NF-κB
signaling-dependent mediators, but a decrease in eNOS. In addition to these findings, signs of cellular
senescence have also been detected in premature aging mouse models [119]. Together, these results
provide in vivo evidence that links cellular senescence to organismal aging [104]. For instance, arterial
remodeling during atherosclerosis progression is accelerated during aging. The accumulation of
lipids in the arterial wall, followed by foam cell formation, is a response to endothelial damage and
inflammation. Once the atheroma plaque is stable, it becomes an advanced plaque with increased
susceptibility to rupture, leading to thrombosis [120].
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Moreover, unstable plaque highlights the relationship between atherosclerosis and HIF-1α in
ECs [121] and macrophages [122], independent of their origin (SASP or SIPS). It was also shown that
the final step in atheroma plaque development is VC formation [7,123,124]. Aging causes calcification
in vascular smooth muscle cells, which occurs independent of inflammation but causes arterial
stiffening [120]. In this way, atherosclerosis, as well as aging or age-related atherosclerosis, causes
vascular wall senescence and, as a consequence, VC—the final step of the pathology process. Increased
VC in atherosclerosis produces numerous marked vascular effects, such as a reduction of tissue
perfusion, which eventually causes end-organ damage, particularly in the elderly population [125].
EVs are essential modulators of vascular cell functions relevant to vascular inflammation and
atherosclerosis [126,127]. Furthermore, EVs have been identified as cell-to-cell communicators.
EV content includes proteins, lipids, and nucleic acids that are transferred to target cells [15,128] and
modulate cell functions and phenotypes [129]. The abundance of EVs and the release of their cargos
are augmented under inflammatory [129] and pathological conditions, including CVD, metabolic
disorders, atherosclerosis, and DMII [129,130]. Platelets liberate EVs from vascular vessels (ECs and
smooth muscle cells), erythrocytes, and leukocytes [131,132]. EVs may be potential biomarkers
and pharmacological targets for atherosclerotic diseases and, therefore, may also be biomarkers for
age-associated diseases, especially for EV-based therapeutics.
6. HIF and Endothelial Cells
One of the essential components of the vasculature are ECs. Needless to say, the dysfunction of
vasculature ECs is associated with aging and chronic diseases related to aging. This age-associated
endothelial dysfunction is a critical antecedent of CVD [18]. Cellular senescence in adult human
ECs is accompanied by increased basal oxidative stress, which is characterized by high reactive
oxygen species (ROS) production and excessive pro-inflammatory cytokine release [133]. Moreover,
senescent endothelial cells release EVs that contribute to facilitating the onset of other pathologies,
such as VC [7,134]. Current knowledge on endothelial aging shows that in aged sedentary subjects,
ECs upregulate p53, p21, and p16Ink4a protein levels, which are reduced among aged exercising
adults [69], thereby linking metabolism and cellular energy consumption with the senescent phenotype
of vascular ECs. These findings are consistent with the pathological role of endothelial cell senescence
in age-related disorders, including obesity, diabetes, and heart failure [18,69,135].
Evidence suggests that HIF-1 increases oxygenation of hypoxic tissues and, as a consequence,
promotes endothelial angiogenesis and migration through a transcriptional program that leads to
increased VEGF production [136,137]. Besides its role as an essential factor in VEGF-mediated effects on
ECs, HIF-1 also has critical cell-autonomous functions in ECs [43,85]. In this regard, HIF participates in
the formation of new vessels, enhancing the delivery of oxygenated blood to tissues [63]. In support of
this, ECs under hypoxic conditions generate tube formation, which is negatively regulated by melatonin
treatment. Melatonin, a well-known natural hormone whose levels decline with age, decreases cellular
and secreted VEGF levels and tube formation as a result of a reduction in HIF-1α protein expression,
nuclear localization, and transcriptional activity [138]. Moreover, under hypoxia, ECs display their
typical morphology and phenotype, whereas treatment with melatonin prevents this effect and cells
do not present their endothelial features [138].
Further supporting the findings described above, many changes are produced during development
of the senescent phenotype of the vasculature in age-related vascular diseases. In vascular pathology,
senescent ECs exhibited impaired eNOS activity and decreased nitric oxide (NO) production, which
are two essential mediators of the endothelial physiological function and the maintenance of vascular
wall homeostasis. The alteration of these two factors is mediated by the Akt (PKB) protein. Likewise,
the levels of prostacyclins, endothelial aging mediators, are significantly decreased in ECs as a
consequence of age progression [104]. Altogether, endothelial dysfunction causes thrombogenesis in
human atherosclerosis. Indeed, during atheroma plaque formation, the interactions between monocytes
and ECs is higher when ECs have a senescent phenotype, resulting in potentiated atherogenesis,
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macrophage differentiation, and foam cell formation. Senescent ECs and senescent VSMCs are found
in atherosclerotic plaque, indicating that these cells are involved in the progression of plaque [8].
Our own and other work have shown that HIF-1α is required to extend the replicative lifespan and
is implicated in the maintenance of the protective and repair functions of ECs [29,139]. Accordingly,
miR-126 is essential for signaling in endothelium homeostasis. However, HIF-1α inhibition does not
affect miR-126 levels, while the inhibition of miR-126 results in diminished levels of HIF-1α protein.
Thus, the miR-126/HIF-1α pathway plays a crucial role in the mechanisms of senescent ECs [29].
MVs contain miR-126, which is delivered into ECs to promote vascular endothelial repair [140].
Accordingly, MVs from senescent ECs carry lower levels of miR-126 than those from non-senescent
ECs, implicating a loss of function of the endothelium [29]. Importantly, HIF-1α is seen to disappear
in these MVs, confirming that MVs are regulators between cells [29]. Overall, MVs are functionally
active and are involved in the mechanisms of aging regulation and, moreover, may be considered as
biomarkers based on using MV composition.
7. HIF and Vascular Smooth Muscle Cells
VSMCs are the most abundant cell type in vasculature and are critical for maintaining homeostasis
due to their functions in the vascular system. VSMCs are characterized by their capacity to contract
and relax, as well as in vessel remodeling [141]. Furthermore, Lacolley et al. recently provided a new
perspective for understanding the role of VSMCs in arterial stiffness and how interactions with ECs can
regulate vascular aging [120]. As a consequence, Some VSMCs undergo phenotypic changes that lead
to vascular degeneration during arterial aging. Moreover, some VSMCs do not achieve senescence and
suffer proliferation. The increase in proliferative VSMCs is associated with an increased release of the
extracellular matrix (ECM) to the wall, thereby augmenting vascular wall thickness and stiffness [141].
Aging per se and age-associated pathologies generate senescent VSMCs that undergo phenotype
changes. These changes include quiescent contractile phenotypes (differentiated VSMCs) and synthetic
phenotypes (dedifferentiated VSMCs) characterized by reduced expression of SMC-specific contractile
proteins (α-SMA, SM-MHC, and calponin), as well as increased cell proliferation and production
of pro-inflammatory cytokines in differentiated VSMCs [120,141]. At present, cells are understood
to reduce their contractile capacity, migration, proliferation, and reduce ECM production. As a
consequence, VSMCs change their phenotypes and are unable to maintain blood flow around the
body because they lose their elasticity. Some specific contractile mediators are metalloproteinase,
collagenase, osteopontin and, also, an increase in the production of EVs. When a vessel is damaged,
a piece of machinery for repair is triggered, and the migration mechanism and proliferation of VSMCs
are critical. Accordingly, this entails an increase in the abundance of growth factors (PDGF, TGF,
and VEGF) and the volume of the ECM, with the ultimate purpose of reconstructing the vasculature
following injury [120,141–143].
Furthermore, the behavior of VSMCs in the vasculature depends on the microenvironment in
the vascular wall. VSMC proliferation may be beneficial throughout atherogenesis and not just in
advanced lesions, whereas VSMC apoptosis, cell senescence, and VSMC-derived macrophage-like
cells support inflammation. Therefore, the VSMC phenotype switches due to the complex structure
of the atherosclerotic plaque [144]. In the final step, VSMCs accumulate pro-calcification factors like
osteogenic gene expression and calcification-related proteins (prelamin A and lamin A) that may be
critical in the mechanisms of EVA for CKD [16].
In this sense, several disorders are associated with VSMC phenotype switching, such as
atherosclerosis, restenosis, aneurysm, and calcification [141,145–147]. Indeed, VC (defined as the
accumulation of hydroxyapatite crystals in the vascular wall) generates stiffness in the vessels and, as a
consequence, reduces the tubular blood flow associated with cardiovascular disease mortality [141,147].
Under normal physiological conditions, a competent defensive pathway would protect VSMCs from
phenotypic differentiation and ectopic calcification [16].
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VC is associated with a significant increase in all-cause mortality and atherosclerotic plaque
rupture. Calcification of VSMCs in the vascular wall is the leading cause of mortality [124].
Recent work has revealed that VSMCs may exhibit three different phenotypes: calcific, adipogenic,
and macrophagic [124]. The mechanisms by which VSMCs are dedifferentiated remain elusive,
although it is known that media calcification is produced in atherosclerotic lesions. The significant
drivers of calcification, together with atherosclerosis, are aging, uremia, and increased oxidative
stress. Therefore, VCs are produced by aging and/or age-associated diseases. Durham et al. [124]
have described mediators in the VC, such as specific pro- and anti-calcifying proteins, mitochondrial
dysfunction, and uremic toxins. EVs are also novel and recently discovered determinants of VC [134].
In addition to the previously discussed mediators, when VSMCs release inflammatory cytokines,
they induce SASP, and VSMCs became senescent cells. Senescent VSMCs increase cytokines and
chemokines driven by secreted interleukin-1α (IL-1α), while matrix proteins cause endothelial
damage [64]. Although VSMC proliferation is implicated in atherogenesis, senescent VSMCs appear in
advanced plaques cultured from other plaques, thereby suggesting that VSMC senescence promotes
both atherosclerosis and features of plaque vulnerability. In this way, the prevention of senescence has
been identified as a potential target for intervention [148,149].
Accumulating evidence supports the contribution of the HIF pathway to the pathogenesis
of diseases affecting the vascular wall, including atherosclerosis, arterial aneurysms, pulmonary
hypertension, vascular graft failure, chronic venous disorders, and vascular malformation [44].
The HIF-1α protein is expressed in young VSMCs in vitro, while it is reduced in old VSMCs [96].
To date, HIF-1α has been involved in the proliferation, migration, and morphological changes of
VSMCs [150,151]. The mechanism by which hypoxia induces HIF-1α expression in human VSMCs
involves PI3K/Akt(PKB) and osteopontin, as well as suppression of the expression of some proteins,
including AEG-1, α-SMA, and SM22α [150]. However, the main function of HIF-1α is the inhibition of
the proliferation and migration of human VSMCs, indicating that HIF-1α induces VSMC phenotype
switching [150]. However, stabilization of the HIF-1α protein in 9-month-old WT mice promoted
increased endothelial permeability [152].
As already described, Figure 3 compares a physiological vascular wall with a pathological vessel
as a consequence of aging per se or vascular age-associated diseases, such as atherosclerosis.
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8. Conclusions
In this review, we have provided an overview of the functional role of cellular senescence and
HIF-1α implications for vascular functions in advanced age and/or aging-associated diseases, with a
particular focus on atherosclerosis. Further understanding of the mechanisms underlying cellular
senescence will provide new insights into the pathogenesis of age-associ ted vascular disorders, such as
atherosclerosis. Moreover, e prevention of escence as pote tial target for int rvention could
be a potential anti-aging therapy. At present, senolytic drugs are being eveloped as a new form of
therapy to extend the human lifespan. Therefore, HIF overexpression could be a new target in the
strategy for senolytic drug progress. In this way, the pharmacological modulation of HIF offers a new
perspective on preventing the development of endothelial cell senescence during the early phases of
diseases associated with cell senescence, such as atherosclerosis, especially in vascular aging.
9. Perspectives
The possibility of preventing endothelial damage associated with senescence opens new
perspectives in matching it with diseases, such as atherosclerosis. Currently, the primary therapeutic
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tool against pathologies such as atherosclerosis is based on preventing exposure to cardiovascular risk
factors to prevent their harmful activity. This strategy, which so far is effective in reducing mortality
associated with these diseases, seems to have reached a limit in its efficacy, as evidenced by the high
morbidity that these pathologies continue to generate. One of the reasons that could explain this
inertia is the fact that damaged factors, such as cellular injury associated with age, can only be partially
corrected with current therapeutic approaches. Expanding the study of the mechanisms that regulate
endothelial senescence should allow the development of new therapies, such as those based on the use
of senolytic drugs, which allow avoiding the initial stages in the development of pathologies, such as
atherosclerosis, and therefore treating patients and subjects at risk. Nevertheless, this reality is paired
to deepen the knowledge of the mediators that regulate the process of cellular senescence. In this
review, we present on how HIFs are essential, since these molecules are still physiological signaling
elements in several cells that could be affected by new therapies; so, characterizing their physiological
and/or pathophysiological activity seem to be essential to progress in the clinical use of therapies
against cellular senescence.
Author Contributions: Conception and design: M.A., E.S.-L., G.B., C.G., J.C. and R.R.; writing the article: M.A.,
E.S.-L., G.B., C.G., J.C. and R.R.; critical revision of the article: M.A., E.S.-L., G.B., C.G., J.C. and R.R.; final approval
of the article: M.A., E.S.-L., G.B., C.G., J.C. and R.R.; obtaining funding: M.A., E.S.-L., G.B., C.G., J.C. and R.R.;
overall responsibility: M.A., E.S.-L., G.B., C.G., J.C. and R.R. All authors have read and agreed to the published
version of the manuscript.
Funding: Plan Nacional Proyectos de Investigación supported this study en Salud of Instituto de Salud
Carlos III (ISCIII) Fondos Feder European Grant (PI17/01029; PI19/00240; ISCIII-FEDER), Santander/UCM
PR41/17-20964, Sociedad Española de Nefrologia, and “Proyectos de Investigación del Programa Propio de la
UAH”: UAH-GP2018-4 and CCG2018/BIO-010. E.S. acknowledges research support from the National Institute of
Health P30AR073761 University of California San Diego.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Schmitt, R. Senotherapy: Growing old and staying young? Pflugers Arch. 2017, 469, 1051–1059. [CrossRef]
2. Scott, F.G. Developmental Biology, 6th ed.; Sinauer Associates: Sunderland, MA, USA, 2000.
3. Kaluz, S.; Tan, C.; Van Meir, E.G. Taking a HIF pill for old age diseases? Aging 2018, 10, 290–292. [CrossRef]
4. Head, T.; Daunert, S.; Goldschmidt-Clermont, P.J. The Aging Risk and Atherosclerosis: A Fresh Look at
Arterial Homeostasis. Front. Genet. 2017, 8, 216. [CrossRef]
5. Liu, Z.; Kuo, P.L.; Horvath, S.; Crimmins, E.; Ferrucci, L.; Levine, M. A new aging measure captures morbidity
and mortality risk across diverse subpopulations from NHANES IV: A cohort study. PLoS Med. 2018, 15,
e1002718. [CrossRef]
6. Alique, M.; Luna, C.; Carracedo, J.; Ramirez, R. LDL biochemical modifications: A link between atherosclerosis
and aging. Food Nutr. Res. 2015, 59. [CrossRef]
7. Alique, M.; Ramírez-Carracedo, R.; Bodega, G.; Carracedo, J.; Ramírez, R. Senescent Microvesicles: A Novel
Advance in Molecular Mechanisms of Atherosclerotic Calcification. Int. J. Mol. Sci. 2018, 19. [CrossRef]
8. Katsuumi, G.; Shimizu, I.; Yoshida, Y.; Minamino, T. Vascular Senescence in Cardiovascular and Metabolic
Diseases. Front. Cardiovasc. Med. 2018, 5, 18. [CrossRef] [PubMed]
9. Tanaka, T.; Eckardt, K.U. HIF Activation Against CVD in CKD: Novel Treatment Opportunities. Semin. Nephrol.
2018, 38, 267–276. [CrossRef]
10. Wang, J.C.; Bennett, M. Aging and atherosclerosis: Mechanisms, functional consequences, and potential
therapeutics for cellular senescence. Circ. Res. 2012, 111, 245–259. [CrossRef] [PubMed]
11. Carrecedo, J.; Ramírez-Carracedo, R.; Alique, M.; Ramírez-Chamond, R. Endothelial Cell Senescence in
the Pathogenesis of Endothelial Dysfunction. In Endothelial Dysfunction: Old Concepts and New Challenges;
Intech Open: London, UK, 2018.
12. Lopez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153,
1194–1217. [CrossRef] [PubMed]
13. Coppe, J.P.; Desprez, P.Y.; Krtolica, A.; Campisi, J. The senescence-associated secretory phenotype: The dark
side of tumor suppression. Annu. Rev. Pathol. 2010, 5, 99–118. [CrossRef] [PubMed]
Cells 2020, 9, 195 15 of 21
14. Ott, C.; Jung, T.; Grune, T.; Höhn, A. SIPS as a model to study age-related changes in proteolysis and
aggregate formation. Mech. Ageing Dev. 2018, 170, 72–81. [CrossRef] [PubMed]
15. Yáñez-Mó, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.;
Cappello, F.; Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions.
J. Extracell Vesicles 2015, 4, 27066. [CrossRef]
16. Dai, L.; Qureshi, A.R.; Witasp, A.; Lindholm, B.; Stenvinkel, P. Early Vascular Ageing and Cellular Senescence
in Chronic Kidney Disease. Comput. Struct. Biotechnol. J. 2019, 17, 721–729. [CrossRef]
17. Kirkland, J.L.; Tchkonia, T. Cellular Senescence: A Translational Perspective. EBioMedicine 2017, 21, 21–28.
[CrossRef] [PubMed]
18. Shimizu, I.; Minamino, T. Cellular senescence in cardiac diseases. J. Cardiol. 2019. [CrossRef] [PubMed]
19. Hickson, L.J.; Langhi Prata, L.G.P.; Bobart, S.A.; Evans, T.K.; Giorgadze, N.; Hashmi, S.K.; Herrmann, S.M.;
Jensen, M.D.; Jia, Q.; Jordan, K.L.; et al. Senolytics decrease senescent cells in humans: Preliminary report
from a clinical trial of Dasatinib plus Quercetin in individuals with diabetic kidney disease. EBioMedicine
2019, 47, 446–456. [CrossRef]
20. Xu, M.; Pirtskhalava, T.; Farr, J.N.; Weigand, B.M.; Palmer, A.K.; Weivoda, M.M.; Inman, C.L.; Ogrodnik, M.B.;
Hachfeld, C.M.; Fraser, D.G.; et al. Senolytics improve physical function and increase lifespan in old age.
Nat. Med. 2018, 24, 1246–1256. [CrossRef]
21. Justice, J.N.; Nambiar, A.M.; Tchkonia, T.; LeBrasseur, N.K.; Pascual, R.; Hashmi, S.K.; Prata, L.;
Masternak, M.M.; Kritchevsky, S.B.; Musi, N.; et al. Senolytics in idiopathic pulmonary fibrosis: Results from
a first-in-human, open-label, pilot study. EBioMedicine 2019, 40, 554–563. [CrossRef]
22. Palmer, A.K.; Xu, M.; Zhu, Y.; Pirtskhalava, T.; Weivoda, M.M.; Hachfeld, C.M.; Prata, L.G.; van Dijk, T.H.;
Verkade, E.; Casaclang-Verzosa, G.; et al. Targeting senescent cells alleviates obesity-induced metabolic
dysfunction. Aging Cell 2019, 18, e12950. [CrossRef]
23. Zhang, P.; Kishimoto, Y.; Grammatikakis, I.; Gottimukkala, K.; Cutler, R.G.; Zhang, S.; Abdelmohsen, K.;
Bohr, V.A.; Misra Sen, J.; Gorospe, M.; et al. Senolytic therapy alleviates Abeta-associated oligodendrocyte
progenitor cell senescence and cognitive deficits in an Alzheimer’s disease model. Nat. Neurosci. 2019, 22,
719–728. [CrossRef] [PubMed]
24. Kirkland, J.L.; Tchkonia, T.; Zhu, Y.; Niedernhofer, L.J.; Robbins, P.D. The Clinical Potential of Senolytic
Drugs. J. Am. Geriatr. Soc. 2017, 65, 2297–2301. [CrossRef] [PubMed]
25. Roos, C.M.; Zhang, B.; Palmer, A.K.; Ogrodnik, M.B.; Pirtskhalava, T.; Thalji, N.M.; Hagler, M.; Jurk, D.;
Smith, L.A.; Casaclang-Verzosa, G.; et al. Chronic senolytic treatment alleviates established vasomotor
dysfunction in aged or atherosclerotic mice. Aging Cell 2016, 15, 973–977. [CrossRef] [PubMed]
26. Xu, X.; Wang, B.; Ren, C.; Hu, J.; Greenberg, D.A.; Chen, T.; Xie, L.; Jin, K. Recent Progress in Vascular Aging:
Mechanisms and Its Role in Age-related Diseases. Aging Dis. 2017, 8, 486–505. [CrossRef] [PubMed]
27. Franklin, S.S.; Gustin, W.; Wong, N.D.; Larson, M.G.; Weber, M.A.; Kannel, W.B.; Levy, D. Hemodynamic
patterns of age-related changes in blood pressure. The Framingham Heart Study. Circulation 1997, 96,
308–315. [CrossRef] [PubMed]
28. Minamino, T.; Komuro, I. Vascular cell senescence: Contribution to atherosclerosis. Circ. Res. 2007, 100,
15–26. [CrossRef]
29. Alique, M.; Bodega, G.; Giannarelli, C.; Carracedo, J.; Ramírez, R. MicroRNA-126 regulates Hypoxia-Inducible
Factor-1α which inhibited migration, proliferation, and angiogenesis in replicative endothelial senescence.
Sci. Rep. 2019, 9, 7381. [CrossRef]
30. Cerutti, C.; Edwards, L.J.; de Vries, H.E.; Sharrack, B.; Male, D.K.; Romero, I.A. MiR-126 and miR-126*
regulate shear-resistant firm leukocyte adhesion to human brain endothelium. Sci. Rep. 2017, 7, 45284.
[CrossRef]
31. Villain, G.; Poissonnier, L.; Noueihed, B.; Bonfils, G.; Rivera, J.C.; Chemtob, S.; Soncin, F.; Mattot, V.
miR-126-5p promotes retinal endothelial cell survival through SetD5 regulation in neurons. Development
2018, 145. [CrossRef]
32. Xie, H.; Wang, F.; Chen, X.; Ying, H. miR-126 is essential for endothelial phenotype expression during
endothelial differentiation in adipose-derived stem cells. Mol. Med. Rep. 2018, 17, 442–446. [CrossRef]
33. Venkat, P.; Cui, C.; Chopp, M.; Zacharek, A.; Wang, F.; Landschoot-Ward, J.; Shen, Y.; Chen, J. MiR-126
Mediates Brain Endothelial Cell Exosome Treatment-Induced Neurorestorative Effects After Stroke in Type 2
Diabetes Mellitus Mice. Stroke 2019, 50, 2865–2874. [CrossRef]
Cells 2020, 9, 195 16 of 21
34. Yang, H.H.; Chen, Y.; Gao, C.Y.; Cui, Z.T.; Yao, J.M. Protective Effects of MicroRNA-126 on Human
Cardiac Microvascular Endothelial Cells Against Hypoxia/Reoxygenation-Induced Injury and Inflammatory
Response by Activating PI3K/Akt/eNOS Signaling Pathway. Cell Physiol. Biochem. 2017, 42, 506–518.
[CrossRef] [PubMed]
35. López-Lázaro, M. HIF-1: Hypoxia-inducible factor or dysoxia-inducible factor? FASEB J. 2006, 20, 828–832.
[CrossRef] [PubMed]
36. Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-inducible factors and the response to hypoxic stress.
Mol. Cell 2010, 40, 294–309. [CrossRef] [PubMed]
37. Bertout, J.A.; Patel, S.A.; Simon, M.C. The impact of O2 availability on human cancer. Nat. Rev. Cancer 2008,
8, 967–975. [CrossRef] [PubMed]
38. Semenza, G.L. Hypoxia-inducible factors in physiology and medicine. Cell 2012, 148, 399–408. [CrossRef]
[PubMed]
39. Rey, S.; Semenza, G.L. Hypoxia-inducible factor-1-dependent mechanisms of vascularization and vascular
remodelling. Cardiovasc. Res. 2010, 86, 236–242. [CrossRef]
40. Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-induced angiogenesis: Good and evil. Genes Cancer 2011, 2,
1117–1133. [CrossRef]
41. Giannarelli, C.; Alique, M.; Rodriguez, D.T.; Yang, D.K.; Jeong, D.; Calcagno, C.; Hutter, R.; Millon, A.;
Kovacic, J.C.; Weber, T.; et al. Alternatively Spliced Tissue Factor Promotes Plaque Angiogenesis Through
the Activation of Hypoxia-Inducible Factor-1 alpha and Vascular Endothelial Growth Factor Signaling.
Circulation 2014, 130, 1274–1286. [CrossRef]
42. Elvidge, G.P.; Glenny, L.; Appelhoff, R.J.; Ratcliffe, P.J.; Ragoussis, J.; Gleadle, J.M. Concordant regulation of
gene expression by hypoxia and 2-oxoglutarate-dependent dioxygenase inhibition: The role of HIF-1alpha,
HIF-2alpha, and other pathways. J. Biol. Chem. 2006, 281, 15215–15226. [CrossRef]
43. Manalo, D.J.; Rowan, A.; Lavoie, T.; Natarajan, L.; Kelly, B.D.; Ye, S.Q.; Garcia, J.G.; Semenza, G.L.
Transcriptional regulation of vascular endothelial cell responses to hypoxia by HIF-1. Blood 2005, 105,
659–669. [CrossRef]
44. Lim, C.S.; Kiriakidis, S.; Sandison, A.; Paleolog, E.M.; Davies, A.H. Hypoxia-inducible factor pathway and
diseases of the vascular wall. J. Vasc. Surg. 2013, 58, 219–230. [CrossRef]
45. Fernandez Esmerats, J.; Villa-Roel, N.; Kumar, S.; Gu, L.; Salim, M.T.; Ohh, M.; Taylor, W.R.;
Nerem, R.M.; Yoganathan, A.P.; Jo, H. Disturbed Flow Increases UBE2C (Ubiquitin E2 Ligase C) via
Loss of miR-483-3p, Inducing Aortic Valve Calcification by the pVHL (von Hippel-Lindau Protein) and
HIF-1alpha (Hypoxia-Inducible Factor-1alpha) Pathway in Endothelial Cells. Arterioscler. Thromb. Vasc. Biol.
2019, 39, 467–481. [CrossRef] [PubMed]
46. Wu, D.; Huang, R.T.; Hamanaka, R.B.; Krause, M.; Oh, M.J.; Kuo, C.H.; Nigdelioglu, R.; Meliton, A.Y.; Witt, L.;
Dai, G.; et al. HIF-1alpha is required for disturbed flow-induced metabolic reprogramming in human and
porcine vascular endothelium. Elife 2017, 6. [CrossRef] [PubMed]
47. Liu, D.; Lei, L.; Desir, M.; Huang, Y.; Cleman, J.; Jiang, W.; Fernandez-Hernando, C.; Di Lorenzo, A.;
Sessa, W.C.; Giordano, F.J. Smooth Muscle Hypoxia-Inducible Factor 1alpha Links Intravascular Pressure
and Atherosclerosis–Brief Report. Arterioscle. Thromb. Vasc. Biol. 2016, 36, 442–445. [CrossRef] [PubMed]
48. Wang, W.; Xu, B.; Xuan, H.; Ge, Y.; Wang, Y.; Wang, L.; Huang, J.; Fu, W.; Michie, S.A.; Dalman, R.L.
Hypoxia-inducible factor 1 in clinical and experimental aortic aneurysm disease. J. Vasc. Surg. 2018, 68,
1538–1550. [CrossRef] [PubMed]
49. Imanishi, M.; Chiba, Y.; Tomita, N.; Matsunaga, S.; Nakagawa, T.; Ueno, M.; Yamamoto, K.; Tamaki, T.;
Tomita, S. Hypoxia-Inducible Factor-1alpha in Smooth Muscle Cells Protects Against Aortic Aneurysms-Brief
Report. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 2158–2162. [CrossRef] [PubMed]
50. Semenza, G.L. HIF-1: Mediator of physiological and pathophysiological responses to hypoxia. J. Appl. Physiol.
2000, 88, 1474–1480. [CrossRef]
51. Abe, H.; Semba, H.; Takeda, N. The Roles of Hypoxia Signaling in the Pathogenesis of Cardiovascular
Diseases. J. Atheroscler. Thromb. 2017, 24, 884–894. [CrossRef]
52. Hölscher, M.; Schäfer, K.; Krull, S.; Farhat, K.; Hesse, A.; Silter, M.; Lin, Y.; Pichler, B.J.; Thistlethwaite, P.;
El-Armouche, A.; et al. Unfavourable consequences of chronic cardiac HIF-1α stabilization. Cardiovasc. Res.
2012, 94, 77–86. [CrossRef]
Cells 2020, 9, 195 17 of 21
53. Semenza, G.L. Hypoxia-inducible factor 1 and cardiovascular disease. Annu. Rev. Physiol. 2014, 76, 39–56.
[CrossRef] [PubMed]
54. Bosch-Marce, M.; Okuyama, H.; Wesley, J.B.; Sarkar, K.; Kimura, H.; Liu, Y.V.; Zhang, H.; Strazza, M.; Rey, S.;
Savino, L.; et al. Effects of aging and hypoxia-inducible factor-1 activity on angiogenic cell mobilization and
recovery of perfusion after limb ischemia. Circ. Res. 2007, 101, 1310–1318. [CrossRef] [PubMed]
55. Bianchi, G.; Di Giulio, C.; Rapino, C.; Rapino, M.; Antonucci, A.; Cataldi, A. p53 and p66 proteins compete for
hypoxia-inducible factor 1 alpha stabilization in young and old rat hearts exposed to intermittent hypoxia.
Gerontology 2006, 52, 17–23. [CrossRef] [PubMed]
56. Rapino, C.; Bianchi, G.; Di Giulio, C.; Centurione, L.; Cacchio, M.; Antonucci, A.; Cataldi, A. HIF-1alpha
cytoplasmic accumulation is associated with cell death in old rat cerebral cortex exposed to intermittent
hypoxia. Aging Cell 2005, 4, 177–185. [CrossRef]
57. Mehta, R.; Steinkraus, K.A.; Sutphin, G.L.; Ramos, F.J.; Shamieh, L.S.; Huh, A.; Davis, C.; Chandler-Brown, D.;
Kaeberlein, M. Proteasomal regulation of the hypoxic response modulates aging in C. elegans. Science 2009,
324, 1196–1198. [CrossRef]
58. Leiser, S.F.; Begun, A.; Kaeberlein, M. HIF-1 modulates longevity and healthspan in a temperature-dependent
manner. Aging Cell 2011, 10, 318–326. [CrossRef]
59. Leiser, S.F.; Fletcher, M.; Begun, A.; Kaeberlein, M. Life-span extension from hypoxia in Caenorhabditis
elegans requires both HIF-1 and DAF-16 and is antagonized by SKN-1. J. Gerontol. A Biol. Sci. Med. Sci.
2013, 68, 1135–1144. [CrossRef]
60. Leiser, S.F.; Kaeberlein, M. The hypoxia-inducible factor HIF-1 functions as both a positive and negative
modulator of aging. Biol. Chem. 2010, 391, 1131–1137. [CrossRef]
61. Regina, C.; Panatta, E.; Candi, E.; Melino, G.; Amelio, I.; Balistreri, C.R.; Annicchiarico-Petruzzelli, M.;
Di Daniele, N.; Ruvolo, G. Vascular ageing and endothelial cell senescence: Molecular mechanisms of
physiology and diseases. Mech. Ageing Dev. 2016, 159, 14–21. [CrossRef]
62. Rezvani, H.R.; Ali, N.; Serrano-Sanchez, M.; Dubus, P.; Varon, C.; Ged, C.; Pain, C.; Cario-André, M.;
Seneschal, J.; Taïeb, A.; et al. Loss of epidermal hypoxia-inducible factor-1α accelerates epidermal aging and
affects re-epithelialization in human and mouse. J. Cell Sci. 2011, 124, 4172–4183. [CrossRef]
63. Ebersole, J.L.; Novak, M.J.; Orraca, L.; Martinez-Gonzalez, J.; Kirakodu, S.; Chen, K.C.; Stromberg, A.;
Gonzalez, O.A. Hypoxia-inducible transcription factors, HIF1A and HIF2A, increase in aging mucosal tissues.
Immunology 2018, 154, 452–464. [CrossRef] [PubMed]
64. Gardner, S.E.; Humphry, M.; Bennett, M.R.; Clarke, M.C. Senescent Vascular Smooth Muscle Cells
Drive Inflammation Through an Interleukin-1α-Dependent Senescence-Associated Secretory Phenotype.
Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1963–1974. [CrossRef] [PubMed]
65. Matthews, C.; Gorenne, I.; Scott, S.; Figg, N.; Kirkpatrick, P.; Ritchie, A.; Goddard, M.; Bennett, M. Vascular
smooth muscle cells undergo telomere-based senescence in human atherosclerosis: Effects of telomerase and
oxidative stress. Circ. Res. 2006, 99, 156–164. [CrossRef] [PubMed]
66. Morgan, R.G.; Ives, S.J.; Lesniewski, L.A.; Cawthon, R.M.; Andtbacka, R.H.; Noyes, R.D.; Richardson, R.S.;
Donato, A.J. Age-related telomere uncapping is associated with cellular senescence and inflammation
independent of telomere shortening in human arteries. Am. J. Physiol. Heart Circ. Physiol. 2013, 305,
H251–H258. [CrossRef]
67. Ortiz-Montero, P.; Londoño-Vallejo, A.; Vernot, J.P. Senescence-associated IL-6 and IL-8 cytokines induce
a self- and cross-reinforced senescence/inflammatory milieu strengthening tumorigenic capabilities in the
MCF-7 breast cancer cell line. Cell Commun. Signal 2017, 15, 17. [CrossRef]
68. Young, A.P.; Schlisio, S.; Minamishima, Y.A.; Zhang, Q.; Li, L.; Grisanzio, C.; Signoretti, S.; Kaelin, W.G. VHL
loss actuates a HIF-independent senescence programme mediated by Rb and p400. Nat. Cell Biol. 2008, 10,
361–369. [CrossRef]
69. Rossman, M.J.; Kaplon, R.E.; Hill, S.D.; McNamara, M.N.; Santos-Parker, J.R.; Pierce, G.L.; Seals, D.R.;
Donato, A.J. Endothelial cell senescence with aging in healthy humans: Prevention by habitual exercise
and relation to vascular endothelial function. Am. J. Physiol. Heart Circ. Physiol. 2017, 313, H890–H895.
[CrossRef]
70. Montgomery, R.L.; van Rooij, E. MicroRNA regulation as a therapeutic strategy for cardiovascular disease.
Curr. Drug Targets 2010, 11, 936–942. [CrossRef]
Cells 2020, 9, 195 18 of 21
71. Small, E.M.; Olson, E.N. Pervasive roles of microRNAs in cardiovascular biology. Nature 2011, 469, 336–342.
[CrossRef]
72. Hergenreider, E.; Heydt, S.; Tréguer, K.; Boettger, T.; Horrevoets, A.J.; Zeiher, A.M.; Scheffer, M.P.;
Frangakis, A.S.; Yin, X.; Mayr, M.; et al. Atheroprotective communication between endothelial cells
and smooth muscle cells through miRNAs. Nat. Cell Biol. 2012, 14, 249–256. [CrossRef]
73. Zernecke, A.; Bidzhekov, K.; Noels, H.; Shagdarsuren, E.; Gan, L.; Denecke, B.; Hristov, M.; Köppel, T.;
Jahantigh, M.N.; Lutgens, E.; et al. Delivery of microRNA-126 by apoptotic bodies induces CXCL12-dependent
vascular protection. Sci. Signal 2009, 2, ra81. [CrossRef] [PubMed]
74. Fernández-Hernando, C.; Suárez, Y. MicroRNAs in endothelial cell homeostasis and vascular disease.
Curr. Opin. Hematol. 2018, 25, 227–236. [CrossRef] [PubMed]
75. Van Solingen, C.; de Boer, H.C.; Bijkerk, R.; Monge, M.; van Oeveren-Rietdijk, A.M.; Seghers, L.; de Vries, M.R.;
van der Veer, E.P.; Quax, P.H.; Rabelink, T.J.; et al. MicroRNA-126 modulates endothelial SDF-1 expression
and mobilization of Sca-1+/Lin− progenitor cells in ischaemia. Cardiovasc. Res. 2011, 92, 449–455. [CrossRef]
[PubMed]
76. Stellos, K.; Bigalke, B.; Langer, H.; Geisler, T.; Schad, A.; Kögel, A.; Pfaff, F.; Stakos, D.; Seizer, P.; Müller, I.; et al.
Expression of stromal-cell-derived factor-1 on circulating platelets is increased in patients with acute coronary
syndrome and correlates with the number of CD34+ progenitor cells. Eur. Heart J. 2009, 30, 584–593. [CrossRef]
77. Qu, M.; Pan, J.; Shi, X.; Zhang, Z.; Tang, Y.; Yang, G. MicroRNA-126 is a prospective target for vascular
disease. Neuroimmunol. Neuroinflam. 2018, 5, 10. [CrossRef]
78. Zhou, J.; Li, Y.S.; Nguyen, P.; Wang, K.C.; Weiss, A.; Kuo, Y.C.; Chiu, J.J.; Shyy, J.Y.; Chien, S. Regulation
of vascular smooth muscle cell turnover by endothelial cell-secreted microRNA-126: Role of shear stress.
Circ. Res. 2013, 113, 40–51. [CrossRef]
79. Hao, X.Z.; Fan, H.M. Identification of miRNAs as atherosclerosis biomarkers and functional role of miR-126
in atherosclerosis progression through MAPK signalling pathway. Eur. Rev. Med. Pharmacol. Sci. 2017, 21,
2725–2733.
80. Semenza, G.L. Pharmacologic Targeting of Hypoxia-Inducible Factors. Annu. Rev. Pharmacol. Toxicol. 2019,
59, 379–403. [CrossRef]
81. Zhang, X.; Sarkar, K.; Rey, S.; Sebastian, R.; Andrikopoulou, E.; Marti, G.P.; Fox-Talbot, K.; Semenza, G.L.;
Harmon, J.W. Aging impairs the mobilization and homing of bone marrow-derived angiogenic cells to burn
wounds. J. Mol. Med. 2011, 89, 985–995. [CrossRef]
82. Nilsson, P.M.; Lurbe, E.; Laurent, S. The early life origins of vascular ageing and cardiovascular risk: The
EVA syndrome. J. Hypertens. 2008, 26, 1049–1057. [CrossRef]
83. Shanahan, C.M. Mechanisms of vascular calcification in CKD-evidence for premature ageing?
Nat. Rev. Nephrol. 2013, 9, 661–670. [CrossRef] [PubMed]
84. Shroff, R.; Long, D.A.; Shanahan, C. Mechanistic insights into vascular calcification in CKD. J. Am. Soc. Nephrol.
2013, 24, 179–189. [CrossRef] [PubMed]
85. Wei, H.; Bedja, D.; Koitabashi, N.; Xing, D.; Chen, J.; Fox-Talbot, K.; Rouf, R.; Chen, S.; Steenbergen, C.;
Harmon, J.W.; et al. Endothelial expression of hypoxia-inducible factor 1 protects the murine heart and aorta
from pressure overload by suppression of TGF-β signaling. Proc. Natl. Acad. Sci. USA 2012, 109, E841–E850.
[CrossRef] [PubMed]
86. Yeo, E.J. Hypoxia and aging. Exp. Mol. Med. 2019, 51, 67. [CrossRef]
87. Satoh, A.; Brace, C.S.; Rensing, N.; Cliften, P.; Wozniak, D.F.; Herzog, E.D.; Yamada, K.A.; Imai, S. Sirt1
extends life span and delays aging in mice through the regulation of Nk2 homeobox 1 in the DMH and LH.
Cell Metab. 2013, 18, 416–430. [CrossRef]
88. Kume, S.; Uzu, T.; Horiike, K.; Chin-Kanasaki, M.; Isshiki, K.; Araki, S.; Sugimoto, T.; Haneda, M.;
Kashiwagi, A.; Koya, D. Calorie restriction enhances cell adaptation to hypoxia through Sirt1-dependent
mitochondrial autophagy in mouse aged kidney. J. Clin. Investig. 2010, 120, 1043–1055. [CrossRef]
89. Ryu, D.R.; Yu, M.R.; Kong, K.H.; Kim, H.; Kwon, S.H.; Jeon, J.S.; Han, D.C.; Noh, H. Sirt1-hypoxia-inducible
factor-1α interaction is a key mediator of tubulointerstitial damage in the aged kidney. Aging Cell 2019, 18,
e12904. [CrossRef]
90. Laemmle, A.; Lechleiter, A.; Roh, V.; Schwarz, C.; Portmann, S.; Furer, C.; Keogh, A.; Tschan, M.P.; Candinas, D.;
Vorburger, S.A.; et al. Inhibition of SIRT1 impairs the accumulation and transcriptional activity of HIF-1α
protein under hypoxic conditions. PLoS ONE 2012, 7, e33433. [CrossRef]
Cells 2020, 9, 195 19 of 21
91. Yuan, Y.; Cruzat, V.F.; Newsholme, P.; Cheng, J.; Chen, Y.; Lu, Y. Regulation of SIRT1 in aging: Roles in
mitochondrial function and biogenesis. Mech. Ageing Dev. 2016, 155, 10–21. [CrossRef]
92. Kitada, M.; Ogura, Y.; Koya, D. The protective role of Sirt1 in vascular tissue: Its relationship to vascular
aging and atherosclerosis. Aging 2016, 8, 2290–2307. [CrossRef]
93. Orimo, M.; Minamino, T.; Miyauchi, H.; Tateno, K.; Okada, S.; Moriya, J.; Komuro, I. Protective role of SIRT1
in diabetic vascular dysfunction. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 889–894. [CrossRef] [PubMed]
94. Ota, H.; Eto, M.; Ogawa, S.; Iijima, K.; Akishita, M.; Ouchi, Y. SIRT1/eNOS axis as a potential target against
vascular senescence, dysfunction and atherosclerosis. J. Atheroscler. Thromb. 2010, 17, 431–435. [CrossRef]
95. Zu, Y.; Liu, L.; Lee, M.Y.; Xu, C.; Liang, Y.; Man, R.Y.; Vanhoutte, P.M.; Wang, Y. SIRT1 promotes proliferation
and prevents senescence through targeting LKB1 in primary porcine aortic endothelial cells. Circ. Res. 2010,
106, 1384–1393. [CrossRef] [PubMed]
96. Rivard, A.; Berthou-Soulie, L.; Principe, N.; Kearney, M.; Curry, C.; Branellec, D.; Semenza, G.L.;
Isner, J.M. Age-dependent defect in vascular endothelial growth factor expression is associated with
reduced hypoxia-inducible factor 1 activity. J. Biol. Chem. 2000, 275, 29643–29647. [CrossRef] [PubMed]
97. Intensive blood-glucose control with sulphonylureas or insulin compared with conventional treatment and
risk of complications in patients with type 2 diabetes (UKPDS 33). UK Prospective Diabetes Study (UKPDS)
Group. Lancet 1998, 352, 837–853.
98. Macciò, A.; Madeddu, C. Management of anemia of inflammation in the elderly. Anemia 2012, 2012, 563251.
[CrossRef]
99. Nakayama, T.; Kurobe, H.; Sugasawa, N.; Kinoshita, H.; Higashida, M.; Matsuoka, Y.; Yoshida, Y.; Hirata, Y.;
Sakata, M.; Maxfield, M.W.; et al. Role of macrophage-derived hypoxia-inducible factor (HIF)-1α as a
mediator of vascular remodelling. Cardiovasc. Res. 2013, 99, 705–715. [CrossRef]
100. Hansson, G.K. Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 2005, 352,
1685–1695. [CrossRef]
101. Childs, B.G.; Baker, D.J.; Wijshake, T.; Conover, C.A.; Campisi, J.; van Deursen, J.M. Senescent intimal foam
cells are deleterious at all stages of atherosclerosis. Science 2016, 354, 472–477. [CrossRef]
102. Minamino, T.; Miyauchi, H.; Yoshida, T.; Ishida, Y.; Yoshida, H.; Komuro, I. Endothelial cell senescence
in human atherosclerosis: Role of telomere in endothelial dysfunction. Circulation 2002, 105, 1541–1544.
[CrossRef]
103. Minamino, T.; Yoshida, T.; Tateno, K.; Miyauchi, H.; Zou, Y.; Toko, H.; Komuro, I. Ras induces vascular
smooth muscle cell senescence and inflammation in human atherosclerosis. Circulation 2003, 108, 2264–2269.
[CrossRef] [PubMed]
104. Minamino, T.; Miyauchi, H.; Yoshida, T.; Tateno, K.; Kunieda, T.; Komuro, I. Vascular cell senescence and
vascular aging. J. Mol. Cell Cardiol. 2004, 36, 175–183. [CrossRef] [PubMed]
105. Ferns, G.A.A.; Heikal, L. Hypoxia in Atherogenesis. Angiology 2017, 68, 472–493. [CrossRef] [PubMed]
106. Vink, A.; Schoneveld, A.H.; Lamers, D.; Houben, A.J.; van der Groep, P.; van Diest, P.J.; Pasterkamp, G. HIF-1
alpha expression is associated with an atheromatous inflammatory plaque phenotype and upregulated in
activated macrophages. Atherosclerosis 2007, 195, e69–e75. [CrossRef] [PubMed]
107. Camaré, C.; Pucelle, M.; Nègre-Salvayre, A.; Salvayre, R. Angiogenesis in the atherosclerotic plaque.
Redox Biol. 2017, 12, 18–34. [CrossRef]
108. Parma, L.; Baganha, F.; Quax, P.H.A.; de Vries, M.R. Plaque angiogenesis and intraplaque hemorrhage in
atherosclerosis. Eur. J. Pharmacol. 2017, 816, 107–115. [CrossRef]
109. Ramkhelawon, B.; Yang, Y.; van Gils, J.M.; Hewing, B.; Rayner, K.J.; Parathath, S.; Guo, L.; Oldebeken, S.;
Feig, J.L.; Fisher, E.A.; et al. Hypoxia induces netrin-1 and Unc5b in atherosclerotic plaques: Mechanism for
macrophage retention and survival. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1180–1188. [CrossRef]
110. Tannahill, G.M.; Curtis, A.M.; Adamik, J.; Palsson-McDermott, E.M.; McGettrick, A.F.; Goel, G.; Frezza, C.;
Bernard, N.J.; Kelly, B.; Foley, N.H.; et al. Succinate is an inflammatory signal that induces IL-1beta through
HIF-1alpha. Nature 2013, 496, 238–242. [CrossRef]
111. Mohr, T.; Haudek-Prinz, V.; Slany, A.; Grillari, J.; Micksche, M.; Gerner, C. Proteome profiling in IL-1beta and
VEGF-activated human umbilical vein endothelial cells delineates the interlink between inflammation and
angiogenesis. PLoS ONE 2017, 12, e0179065. [CrossRef]
Cells 2020, 9, 195 20 of 21
112. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.;
Koenig, W.; Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease.
N. Engl. J. Med. 2017, 377, 1119–1131. [CrossRef]
113. Mariotti, M.; Castiglioni, S.; Bernardini, D.; Maier, J.A. Interleukin 1 alpha is a marker of endothelial cellular
senescent. Immun. Ageing 2006, 3, 4. [CrossRef] [PubMed]
114. Apte, R.N.; Dotan, S.; Elkabets, M.; White, M.R.; Reich, E.; Carmi, Y.; Song, X.; Dvozkin, T.; Krelin, Y.;
Voronov, E. The involvement of IL-1 in tumorigenesis, tumor invasiveness, metastasis and tumor-host
interactions. Cancer Metastasis. Rev. 2006, 25, 387–408. [CrossRef] [PubMed]
115. Orjalo, A.V.; Bhaumik, D.; Gengler, B.K.; Scott, G.K.; Campisi, J. Cell surface-bound IL-1alpha is an upstream
regulator of the senescence-associated IL-6/IL-8 cytokine network. Proc. Natl. Acad. Sci. USA 2009, 106,
17031–17036. [CrossRef] [PubMed]
116. Zouein, F.A.; Booz, G.W.; Altara, R. STAT3 and Endothelial Cell-Cardiomyocyte Dialog in Cardiac Remodeling.
Front. Cardiovasc. Med. 2019, 6, 50. [CrossRef]
117. Chen, Q.; Lv, J.; Yang, W.; Xu, B.; Wang, Z.; Yu, Z.; Wu, J.; Yang, Y.; Han, Y. Targeted inhibition of STAT3 as a
potential treatment strategy for atherosclerosis. Theranostics 2019, 9, 6424–6442. [CrossRef]
118. Ribeiro, S.; Belo, L.; Reis, F.; Santos-Silva, A. The HIF System Response to ESA Therapy in CKD-Anemia.
In Hypoxia and Human Diseases; InTech Open: London, UK, 2017.
119. Cao, L.; Li, W.; Kim, S.; Brodie, S.G.; Deng, C.X. Senescence, aging, and malignant transformation mediated
by p53 in mice lacking the Brca1 full-length isoform. Genes Dev. 2003, 17, 201–213. [CrossRef]
120. Lacolley, P.; Regnault, V.; Avolio, A.P. Smooth muscle cell and arterial aging: Basic and clinical aspects.
Cardiovasc. Res. 2018, 114, 513–528. [CrossRef]
121. Akhtar, S.; Hartmann, P.; Karshovska, E.; Rinderknecht, F.A.; Subramanian, P.; Gremse, F.; Grommes, J.;
Jacobs, M.; Kiessling, F.; Weber, C.; et al. Endothelial Hypoxia-Inducible Factor-1α Promotes Atherosclerosis
and Monocyte Recruitment by Upregulating MicroRNA-19a. Hypertension 2015, 66, 1220–1226. [CrossRef]
122. Aarup, A.; Pedersen, T.X.; Junker, N.; Christoffersen, C.; Bartels, E.D.; Madsen, M.; Nielsen, C.H.; Nielsen, L.B.
Hypoxia-Inducible Factor-1α Expression in Macrophages Promotes Development of Atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2016, 36, 1782–1790. [CrossRef]
123. Sage, A.P.; Tintut, Y.; Demer, L.L. Regulatory mechanisms in vascular calcification. Nat. Rev. Cardiol. 2010, 7,
528–536. [CrossRef]
124. Durham, A.L.; Speer, M.Y.; Scatena, M.; Giachelli, C.M.; Shanahan, C.M. Role of smooth muscle cells in
vascular calcification: Implications in atherosclerosis and arterial stiffness. Cardiovasc. Res. 2018, 114, 590–600.
[CrossRef] [PubMed]
125. Pescatore, L.A.; Gamarra, L.F.; Liberman, M. Multifaceted Mechanisms of Vascular Calcification in Aging.
Arterioscler. Thromb. Vasc. Biol. 2019, 39, 1307–1316. [CrossRef] [PubMed]
126. Bodega, G.; Alique, M.; Bohórquez, L.; Ciordia, S.; Mena, M.C.; Ramírez, M.R. The Antioxidant Machinery
of Young and Senescent Human Umbilical Vein Endothelial Cells and Their Microvesicles. Oxid. Med.
Cell Longev. 2017, 2017, 7094781. [CrossRef] [PubMed]
127. Bodega, G.; Alique, M.; Bohórquez, L.; Morán, M.; Magro, L.; Puebla, L.; Ciordia, S.; Mena, M.C.; Arza, E.;
Ramirez, M.R. Young and Especially Senescent Endothelial Microvesicles Produce NADPH: The Fuel for
Their Antioxidant Machinery. Oxid. Med. Cell. Longev. 2018, 2018, 12. [CrossRef]
128. Bodega, G.; Alique, M.; Puebla, L.; Carracedo, J.; Ramírez, R.M. Microvesicles: ROS scavengers and ROS
producers. J. Extracell. Vesicles 2019, 8, 1626654. [CrossRef]
129. Van der Vorst, E.P.C.; de Jong, R.J.; Donners, M.M.P.C. Message in a Microbottle: Modulation of Vascular
Inflammation and Atherosclerosis by Extracellular Vesicles. Front. Cardiovasc. Med. 2018, 5, 2. [CrossRef]
130. Boulanger, C.M.; Loyer, X.; Rautou, P.E.; Amabile, N. Extracellular vesicles in coronary artery disease.
Nat. Rev. Cardiol. 2017, 14, 259–272. [CrossRef]
131. Nomura, S. Extracellular vesicles and blood diseases. Int. J. Hematol. 2017, 105, 392–405. [CrossRef]
132. New, S.E.; Aikawa, E. Role of extracellular vesicles in de novo mineralization: An additional novel mechanism
of cardiovascular calcification. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1753–1758. [CrossRef]
133. Hwang, H.V.; Lin, Y.; Rebuffatti, M.N.; Tran, D.T.; Lee, L.; Gomes, A.V.; Li, C.S.; Knowlton, A.A. Impaired
proteostasis in senescent vascular endothelial cells: A perspective on estrogen and oxidative stress in the
aging vasculature. Am. J. Physiol. Heart Circ. Physiol. 2019, 316, H421–H429. [CrossRef]
Cells 2020, 9, 195 21 of 21
134. Alique, M.; Ruíz-Torres, M.P.; Bodega, G.; Noci, M.V.; Troyano, N.; Bohórquez, L.; Luna, C.; Luque, R.;
Carmona, A.; Carracedo, J.; et al. Microvesicles from the plasma of elderly subjects and from senescent
endothelial cells promote vascular calcification. Aging 2017, 9, 778–789. [CrossRef] [PubMed]
135. Yoshida, Y.; Shimizu, I.; Katsuumi, G.; Jiao, S.; Suda, M.; Hayashi, Y.; Minamino, T. p53-Induced inflammation
exacerbates cardiac dysfunction during pressure overload. J. Mol. Cell Cardiol. 2015, 85, 183–198. [CrossRef]
[PubMed]
136. Déry, M.A.; Michaud, M.D.; Richard, D.E. Hypoxia-inducible factor 1: Regulation by hypoxic and non-hypoxic
activators. Int. J. Biochem. Cell Biol. 2005, 37, 535–540. [CrossRef] [PubMed]
137. Hewitson, K.S.; Schofield, C.J. The HIF pathway as a therapeutic target. Drug Discov. Today 2004, 9, 704–711.
[CrossRef]
138. Carbajo-Pescador, S.; Ordoñez, R.; Benet, M.; Jover, R.; García-Palomo, A.; Mauriz, J.L.; González-Gallego, J.
Inhibition of VEGF expression through blockade of Hif1α and STAT3 signalling mediates the anti-angiogenic
effect of melatonin in HepG2 liver cancer cells. Br. J. Cancer 2013, 109, 83–91. [CrossRef]
139. Cesselli, D.; Aleksova, A.; Sponga, S.; Cervellin, C.; Di Loreto, C.; Tell, G.; Beltrami, A.P. Cardiac Cell
Senescence and Redox Signaling. Front. Cardiovasc. Med. 2017, 4, 38. [CrossRef]
140. Jansen, F.; Yang, X.; Hoelscher, M.; Cattelan, A.; Schmitz, T.; Proebsting, S.; Wenzel, D.; Vosen, S.; Franklin, B.S.;
Fleischmann, B.K.; et al. Endothelial microparticle-mediated transfer of MicroRNA-126 promotes vascular
endothelial cell repair via SPRED1 and is abrogated in glucose-damaged endothelial microparticles. Circulation
2013, 128, 2026–2038. [CrossRef]
141. Schurgers, L.J.; Akbulut, A.C.; Kaczor, D.M.; Halder, M.; Koenen, R.R.; Kramann, R. Initiation and Propagation
of Vascular Calcification Is Regulated by a Concert of Platelet- and Smooth Muscle Cell-Derived Extracellular
Vesicles. Front. Cardiovasc. Med. 2018, 5, 36. [CrossRef]
142. Sinha, S.; Iyer, D.; Granata, A. Embryonic origins of human vascular smooth muscle cells: Implications for
in vitro modeling and clinical application. Cell Mol. Life Sci. 2014, 71, 2271–2288. [CrossRef]
143. Pfaltzgraff, E.R.; Bader, D.M. Heterogeneity in vascular smooth muscle cell embryonic origin in relation to
adult structure, physiology, and disease. Dev. Dyn. 2015, 244, 410–416. [CrossRef]
144. Bennett, M.R.; Sinha, S.; Owens, G.K. Vascular Smooth Muscle Cells in Atherosclerosis. Circ. Res. 2016, 118,
692–702. [CrossRef] [PubMed]
145. Alexander, M.R.; Owens, G.K. Epigenetic control of smooth muscle cell differentiation and phenotypic
switching in vascular development and disease. Annu. Rev. Physiol. 2012, 74, 13–40. [CrossRef] [PubMed]
146. Lacolley, P.; Regnault, V.; Nicoletti, A.; Li, Z.; Michel, J.B. The vascular smooth muscle cell in arterial
pathology: A cell that can take on multiple roles. Cardiovasc. Res. 2012, 95, 194–204. [CrossRef] [PubMed]
147. Shroff, R.C.; Shanahan, C.M. The vascular biology of calcification. Semin. Dial. 2007, 20, 103–109. [CrossRef]
148. Wang, J.; Uryga, A.K.; Reinhold, J.; Figg, N.; Baker, L.; Finigan, A.; Gray, K.; Kumar, S.; Clarke, M.; Bennett, M.
Vascular Smooth Muscle Cell Senescence Promotes Atherosclerosis and Features of Plaque Vulnerability.
Circulation 2015, 132, 1909–1919. [CrossRef]
149. Uryga, A.K.; Bennett, M.R. Ageing induced vascular smooth muscle cell senescence in atherosclerosis.
J. Physiol. 2016, 594, 2115–2124. [CrossRef]
150. Liu, K.; Fang, C.; Shen, Y.; Liu, Z.; Zhang, M.; Ma, B.; Pang, X. Hypoxia-inducible factor 1a induces phenotype
switch of human aortic vascular smooth muscle cell through PI3K/AKT/AEG-1 signaling. Oncotarget 2017, 8,
33343–33352. [CrossRef]
151. Afzal, T.A.; Luong, L.A.; Chen, D.; Zhang, C.; Yang, F.; Chen, Q.; An, W.; Wilkes, E.; Yashiro, K.; Cutillas, P.R.;
et al. NCK Associated Protein 1 Modulated by miRNA-214 Determines Vascular Smooth Muscle Cell
Migration, Proliferation, and Neointima Hyperplasia. J. Am. Heart Assoc. 2016, 5. [CrossRef]
152. Kleefeldt, F.; Bömmel, H.; Broede, B.; Thomsen, M.; Pfeiffer, V.; Wörsdörfer, P.; Karnati, S.; Wagner, N.;
Rueckschloss, U.; Ergün, S. Aging-related carcinoembryonic antigen-related cell adhesion molecule 1
signaling promotes vascular dysfunction. Aging Cell 2019, 18, e13025. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
